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Method and Apparatus for Fluid Dispersion 

Field of the Invention 

5 The present invention relates generally to flow-focusing-type technology, and also to 

microfluidics, and more particularly the invention relates to microfluidic systems arranged to 
control a dispersed phase within a dispersant, and the size, and size distribution, of a 
dispersed phase in a multi-phase fluid system. 

10 Background of the Invention 

The manipulation of fluids to form fluid streams of desired configuration, 
discontinuous fluid streams, particles, dispersions, etc., for purposes of fluid delivery, product 
manufacture, analysis, and the like, is a relatively well-studied art. For example, highly 
monodisperse gas bubbles, less than 100 microns in diameter, have been produced using a 

15 technique referred to as capillary flow focusing. In this technique, gas is forced out of a 
capillary tube into a bath of liquid, the tube is positioned above a small orifice, and the 
contraction flow of the external liquid through this orifice focuses the gas into a thin jet 
which subsequently breaks into equal-sized bubbles via a capillary instability. In a related 
technique, a similar arrangement was used to produce liquid droplets in air 

20 Microfluidics is an area of technology involving the control of fluid flow at a very 

small scale. Microfluidic devices typically include very small channels, within which fluid 
flows, which can be branched or otherwise arranged to allow fluids to be combined with each 
other, to divert fluids to different locations, to cause laminar flow between fluids, to dilute 
fluids, and the like. Significant effort has been directed toward "lab-on-a-chip" microfluidic 

25 technology, in which researchers seek to carry out known chemical or biological reactions on 
a very small scale on a "chip," or microfluidic device. Additionally, new techniques, not 
necessarily known on the macro scale, are being developed using microfluidics. Examples of 
techniques being investigated or developed at the microfluidic scale include high-throughput 
screening, drug delivery, chemical kinetics measurements, combinatorial chemistry (where 

30 rapid testing of chemical reactions, chemical affinity, and micro structure formation are 

desired), as well as the study of fundamental questions in the fields of physics, chemistry, and 
engineering. 

The field of dispersions is well-studied. A dispersion (or emulsion) is a mixture of 
two materials, typically fluids, defined by a mixture of at least two incompatible (immiscible) 
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materials, one dispersed within the other. That is, one material is broken up into small, 
isolated regions, or droplets, surrounded by another phase (dispersant, or constant phase), 
within which the first phase is carried. Examples of dispersions can be found in many 
industries including the food and cosmetic industry. For example, lotions tend to be oils 
5 dispersed within a water-based dispersant. In dispersions, control of the size of droplets of 
dispersed phase can effect overall product properties, for example, the "feel" of a lotion. 

Formation of dispersions typically is carried out in equipment including moving parts 
(e.g., a blender or device similarly designed to break up material), which can be prone to 
failure and, in many cases, is not suitable for control of very small dispersed phase droplets. 

10 Specifically, traditional industrial processes typically involve manufacturing equipment built 
to operate on size scales generally unsuitable for precise, small dispersion control. 
Membrane emulsification is one small scale technique using micron-sized pores to form 
emulsions. However, polydispersity of the dispersed phase can in some cases be limited by 
the pore sizes of the membrane. 

1 5 While many techniques involving control of multi-phase systems exists, there is a 

need for improvement in control of size of dispersed phase, size range (polydispersity), and 
other factors. 

An article entitled "Generation of Steady Liquid Microthreads and Micron-Sized 
Monodisperse Sprays and Gas Streams," Phys. Rev. Lett, 80:2, January 12, 1998, 285-288 
20 (Ganan-Calvo) describes formation of a microscopic liquid thread by a laminar accelerating 
gas stream, giving rise to a fine spray. 

U.S. Patent No. 6,120,666, issued September 19, 2000, describes a micofabricated 
device having a fluid focusing chamber for spatially confining first and second sample fluid 
streams for analyzing microscopic particles in a fluid medium, for example in biological 
25 fluid analysis. 

U.S. Patent No. 6,1 16,516, issued September 12, 2000, describes formation of a 
capillary microjet, and formation of a monodisperse aerosol via disassociation of the 
microjet. 

U.S. Patent No. 6,187,214, issued February 13, 2001, describes atomized particles in a 
30 size range of from about 1 to about 5 microns, produced by the interaction of two immiscible 
fluids. 

U.S. Patent No. 6,248,378, issued June 19, 2001, describes production of particles for 
introduction into food using a microjet and a monodisperse aerosol formed when the microjet 
dissociates. 
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An articled entitled "Dynamic Pattern Formation in a Vesicle-Generating 
Microfluidic Device/ 5 Phys. Rev. Lett, 86:18, April 30, 2001 (Thorsen, et al.) describes 
formation of a discontinuous water phase in a continuous oil phase via microfluidic cross- 
flow, specifically, by introducing water, at a "T" junction between two microfluidic channels, 
5 into flowing oil. 

Microfluidic systems have been described in a variety of contexts, typically in the 
context of miniaturized laboratory (e.g., clinical) analysis. Other uses have been described as 
well. For example, International Patent Publication No. WO 01/89789, published November 
29, 2001 by Anderson, et al., describes multi-level microfluidic systems that can be used to 
10 provide patterns of materials, such as biological materials and cells, on surfaces. Other 

publications describe microfluidic systems including valves, switches, and other components. 

While the production of discontinuous fluids, aerosols, and the like are known, very 
little is known about discontinuous fluid production in microfluidic systems, i.e. the 
production of liquid-liquid and gas-liquid dispersions and emulsions. This may be due to the 
1 5 fact that precise control of fluid flow in microfluidic systems can be challenging. 



Summary of the Invention 
The present invention involves a series of devices, systems, and techniques for 
manipulations of fluids. In one aspect, the invention provides a series of methods. One 
20 method of the invention involves providing a microfluidic interconnected region having an 
upstream portion and a downstream portion connecting to an outlet, and creating 
discontinuous sections of a subject fluid in the interconnected region upstream of the outlet, 
at least some of the discontinuous sections having a maximum dimension of less than 20 
microns. 

25 Another embodiment involves providing a microfluidic interconnected region having 

an upstream portion and a downstream portion connecting to an outlet, introducing a subject 
fluid into an interior portion of the interconnected region, and creating discontinuous sections 
of the subject fluid in the interconnected region. 

In another embodiment, a method involves joining a flow of subject fluid with a 

30 dispersing fluid that does not completely axially surround the flow of subject fluid, and 

creating discontinuous sections of the subject fluid at least in part by action of the dispersing 
fluid. 

Another method of the invention involves focusing the flow of a subject fluid by 
exposing the subject fluid to two separate streams of a second fluid, and allowing the two 
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separate streams to join and to completely circumferentially surround the subject fluid 
stream. 

In another embodiment, the invention involves passing a flow of a subject fluid and a 
dispersing fluid through a dimensionally-restricted section, having a mean cross-sectional 
5 dimension, that is dimensionally restricted relative to a channel that delivers either the subject 
fluid or the dispersing fluid to the dimensionally-restricted section, and creating a subject 
fluid stream or discontinuous portions of subject fluid stream having a mean cross-sectional 
dimension or mean diameter, respectively, no smaller than the mean cross-sectional 
dimension of the dimensional ly-restricted section. 
10 In another embodiment, the invention involves forming at least portions of both a 

subject fluid channel and a focusing fluid channel of a flow focusing device from a single 
material. 

In another embodiment, the invention involves forming at least portions of both a 
subject fluid channel and a focusing fluid channel of a flow focusing device in a single 
15 molding step. 

In another aspect, the invention involves a series of systems. One system of the 
invention includes a microfluidic interconnected region, and a subject fluid microfluidic 
channel surrounded at least in part by the microfluidic interconnected region. 

In another embodiment, a system of the invention includes a microfluidic 
20 interconnected region having an upstream portion and a downstream portion connecting to an 
outlet, and a non-valved, dimensional ly-restricted section upstream of the outlet. 

A device of the invention includes an interconnected region for carrying a focusing 
fluid, and a subject fluid channel for carrying a fluid to be focused by the focusing fluid 
surrounded at least in part by the interconnected region, wherein at least a portion defining an 
25 outer wall of the interconnected region and a portion defining an outer wall of the subject 
fluid channel are portions of a single integral unit. 

According to another embodiment, a flow focusing device includes a fluid channel for 
carrying a fluid to be focused by the device, and at least two, separate, focusing fluid 
channels for simultaneously delivering focusing fluid to and focusing the subject fluid. 
30 In another aspect, the present invention provides devices and methods involving 

breakup of dispersed fluids into smaller parts. In most specific embodiments of the 
invention, a dispersion of discrete, isolated portions of one fluid within another incompatible 
fluid is further broken up by either being urged against an obstruction in a confined channel, 
or diverged into at least two different channels at a channel junction. 
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In one embodiment, a method involves urging discontinuous sections of a fluid, 
within a confined channel, against an obstruction and causing the obstruction to separate at 
least some of the discontinuous sections into further-dispersed sections. 

In another embodiment, a method of the invention involves separating at least one 
5 discontinuous section of a fluid into further-dispersed sections by separating the sections into 
at least two separate channels at a channel junction of a fluidic system. In another 
embodiment a method of the invention involves flowing a dispersed phase and a dispersant 
within a channel intersection and, at the channel intersection, further dispersing the dispersed 
phase into at least two further-dispersed phases each having an average size, wherein the 
10 average sizes of the at least two further-dispersed phases are set by at least two different 
backpressures experienced by the dispersed phase at the channel intersection. 

In another aspect the invention provides a series of devices. One device of the 
invention includes a confined channel having an inlet connectable to a source of a first fluid 
and a second fluid incompatible with the first fluid, an outlet connectable to a reservoir for 
1 5 receiving a dispersed phase of the first fluid in the second fluid, and an obstruction within the 
confined channel between the inlet and the outlet. 

The subject matter of this application may involve, in some cases, interrelated 
products, alternative solutions to a particular problem, and/or a plurality of different uses of a 
single system or article. 

20 Other advantages, features, and uses of the invention will become apparent from the 

following detailed description of non-limiting embodiments of the invention when considered 
in conjunction with the accompanying drawings, which are schematic and which are not 
intended to be drawn to scale. In the figures, each identical or nearly identical component 
that is illustrated in various figures typically is represented by a single numeral. For purposes 

25 of clarity, not every component is labeled in every figure, nor is every component of each 
embodiment of the invention shown where illustration is not necessary to allow those of 
ordinary skill in the art to understand the invention. In cases where the present specification 
» and a document incorporated by reference include conflicting disclosure, the present 
specification shall control. 

30 

Brief Description of the Drawings 
Fig. I is schematic representation of a prior art flow-focusing arrangement; 
Fig. 2 is schematic cross-sectional view through line 2-2 of Fig. 1; 
Fig. 3 is a schematic illustration of a microfluidic device of the invention; 



5 



WO 2004/002627 PCI7US2003/020542 

Fig. 4 is a schematic cross-sectional view through line 4-4 of Fig. 3; 
Fig. 5 illustrates the principle of further dispersion of dispersed droplets via an 
obstruction in accordance with the invention; 

Fig. 6 illustrates five different scenarios involving dispersion via obstructions, or lack 
5 thereof; 

Fig. 7 illustrates formation of a dispersion at a T-junction with further dispersion via 
an obstruction; 

Fig. 8 illustrates differential T-junction dispersion formation via differential 
backpressure in each branch of the T-junction; 
1 0 Fig. 9 is a photocopy of a photomagnification of a microfluidic arrangement of the 

invention, as illustrated schematically in Fig. 3; 

Fig. 10 (images a-e), is a photocopy of photomagnifications of the arrangement of 
Fig. 5, in use; 

Fig. 1 1 (images a-e) is a photocopy of a photomagnification of the arrangement of 
15 Fig. 5, in use according to another embodiment; and 

Fig. 12 is a photocopy of photomagnifications of the arrangement of Fig. 5, in use at a 
variety of fluid flow rates and ratios. 

Fig. 13 (sections a-e) are photocopies of photomicrographs showing dispersion of a 
20 gas in a liquid; 

Fig. 14 (sections a-d) are photocopies of photomicrographs showing further 
dispersion of dispersed species via obstructions in microfluidic systems; 

Fig. 1 5 (sections a-c) are photocopies of photomicrographs of further dispersion of a 
dispersed species at a T-junction, with differential dispersion dictated by differential 
25 backpressure; and 

Fig. 1 6 (sections a-b) are photocopies of photomicrographs of further dispersion of a 
dispersed species via a serial T-junction (a), and results in highly-dispersed species (b). 

Detailed Description of the Invention 
30 The following documents are incorporated herein by reference in their entirety: U.S. 

patent no. 5,512,131, issued April 30, 1996 to Kumar, et al.; International Patent Publication 
WO 96/29629, published June 26, 1996 by Whitesides, et al.; U.S. patent no. 6,355,198, 
issued March 12, 2002 to Kim, et al.; and International Patent Publication WO 01/89787, 
published November 29, 2001 to Anderson, et al. 



WO 2004/002627 PCT/US2003/020542 

The present invention provides microfluidic techniques for causing interactions of and 
between fluids, in particular the formation of discontinuous portions of a fluid, e.g. the 
production of dispersions and emulsions. The invention differs in several ways from most 
known techniques for formation of disperse fluids. 
5 The present invention in part involves appreciation for a need in many areas of 

technology for improvement in dispersion formation and/or control, and for applications of 
improved dispersions. Improvement in dispersion formation in accordance with the invention 
can find application in accurate delivery of, e.g., small fluid volumes (nanoliter, picoliter, and 
even femtoliter or smaller quantities) for a variety of uses. For example, one possible route 

10 for the systematic delivery of small fluid volumes is to form liquid drops of controlled size, 
which may serve as convenient transporters of a specific chemical or may themselves be 
small chemical reactors. Since a droplet containing one picoliter of volume has a radius of 
under 10 microns, the controlled formation of very small droplets is very important. 
Specified volumes of more than one size can also be provided by the invention, for example 

1 5 in order to precisely control the stoichiometry of different chemical reactants. That is, in a 
lab-on-a-chip device where delivery of reactants at specified quantities to various locations is 
required, this can be achieved by controlling the drop size of a fluid reactant and then 
controlling its delivery route through the device. This can be achieved in accordance with the 
invention. While to some degree control of drop size and drop size range in dispersions 

20 exists, the present invention provides techniques for achieving better control of small fluid 
drop size and/or improved techniques for achieving control. The invention provides the 
ability to easily and reproducibly control fluid drop size and size range, and divert fluid drops 
of one size or size range to one location and drops of another size or size range to another 
location. 

25 Specifically, the present invention involves devices and techniques associated with 

manipulation of multiphase materials. While those of ordinary skill will recognize that any 
of a wide variety of materials including various numbers of phases can be manipulated in 
accordance with the invention, the invention finds use, most generally, with two-phase 
systems of incompatible fluids. A "fluid," as used herein, means any substance which can be 

30 urged to flow through devices described below to achieve the benefits of the invention. 

Those of ordinary skill in the art will recognize which fluids have viscosity appropriate for 
use in accordance with the invention, i.e., which substances are "fluids." It should be 
appreciated that a substance may be a fluid, for purposes of the invention, under one set of 
conditions but may, under other conditions, have viscosity too high for use as a fluid in the 
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invention. Where the material or materials behave as fluids under at least one set of 
conditions compatible with the invention, they are included as potential materials for 
manipulation via the present invention. 

In one set of embodiments, the present invention involves formation of drops of a 
5 dispersed phase within a dispersant, of controlled size and size distribution, in a flow system 
(preferably a microfluidic system) free of moving parts to create drop formation. That is, at 
the location or locations at which drops of desired size are formed, the device is free of 
components that move relative to the device as a whole to affect drop formation or size. For 
example, where drops of controlled size are formed, they are formed without parts that move 
10 relative to other parts of the device that define a channel within the drops flow. This can be 
referred to as "passive control" of drop size, or "passive breakup" where a first set of drops 
are broken up into smaller drops. 

The following definitions will assist in understanding certain aspects of the invention. Also 
included, within the list of definitions, are sets of parameters within which certain 

15 embodiments of the invention fall. 

"Channel", as used herein, means a feature on or in an article (substrate) that can at 
least partially confine and direct the flow of a fluid, and that has an aspect ratio (length to 
average cross sectional dimension) of at least 2:1, more typically at least 3:1, 5:1, or 10:1. 
The feature can be a groove or other indentation of any cross-sectional shape (curved, square 

20 or rectangular) and can be covered or uncovered. In embodiments where it is completely 
covered, at least one portion of the channel can have a cross-section that is completely 
enclosed, or the entire channel may be completely enclosed along its entire length with the 
exception of its inlet and outlet. An open channel generally will include characteristics that 
facilitate control over fluid transport, e.g., structural characteristics (an elongated indentation) 

25 and/or physical or chemical characteristics (hydrophobicity vs. hydrophilicity) or other 

characteristics that can exert a force (e.g., a containing force) on a fluid. The fluid within the 
channel may partially or completely fill the channel. In some cases where an open channel is 
used, the fluid may be held within the channel, for example, using surface tension (i.e., a 
concave or convex meniscus). The channel may be of any size, for example, having a largest 

30 dimension perpendicular to fluid flow of less than about 5 or 2 millimeters, or less than about 
1 millimeter, or less than about 500 microns, less than about 200 microns, less than about 
100 microns, or less than about 50 or 25 microns. In some cases the dimensions of the 
channel may be chosen such that fluid is able to freely flow through the reactor. The 
dimensions of the channel may also be chosen, for example, to allow a certain volumetric or 
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linear flowrate of fluid in the channel. Of course, the number of channels and the shape of 
the channels can be varied by any method known to those of ordinary skill in the art. In the 
embodiments illustrated in the accompanying figures, all channels are completely enclosed. 
"Channel", as used herein, does not include a space created between a channel wall and an 
5 obstruction. Instead, obstructions, as defined herein, are understood to be contained within 
channels. Larger channels, tubes, etc. can be used in microfluidic device for a variety of 
purposes, e.g., to store fluids in bulk and to deliver fluids to components of the invention. 

Different components can be fabricated of different materials. For example, a base 
portion of a microfluidic device, indulging a bottom wall and side walls, can be fabricated 

10 from an opaque material such as silicon or PDMS, and a top portion, or cover, can be 

fabricated from a transparent material such as glass or a transparent polymer for observation 
and control of the fluidic process. Components can be coated so as to expose a desired 
chemical functionality to fluids that contact interior channel walls, where base supporting 
material does not have the precise, desired functionality. For example, components can be 

1 5 fabricated as illustrated, with interior channel walls coated with another material. 

Fig. 1 is a partial cross-sectional schematic representation of a typical prior art "flow 
focusing" technique for reducing the size of a fluid stream and, alternatively, forming 
droplets of a first fluid separated by a second. In the arrangement of Fig. 1 a tube 10 has an 
outlet 1 2 positioned upstream of and directed toward a small orifice 14 formed in a wall of a 

20 container 16 within which tube 10 is housed. A first fluid 18 flows through tube 10 and exits 
fluid 10 at outlet 12. A second fluid 20 is contained within the interior 22 of housing 16 at an 
elevated pressure relative to the pressure outside of housing 16. Due to this pressure 
differential, fluid 20 escapes housing 16 through orifice 14, and fluid 18 elongates toward and 
is drawn through orifice 14 by the action of fluid 20. A steady thin liquid jet 24 of fluid 18 

25 results, and can break up into discontinuous sections. This technique, commonly known as 
"flow focusing," has been described for a variety of uses including fuel injection, production 
of food particles, production of pharmaceuticals, and the like. 

Fig. 2 is cross-sectional illustration through line 2-2 of Fig. 1, showing housing 16 
and tube 10. Housing 16 is typically arranged to completely surround tube 10, such that fluid 

30 20 completely surrounds fluid 1 8 upon the exit of fluid 1 8 from the outlet of tube 1 0. The 
arrangement of Figs. 1 and 2 is made from multiple parts, typically requires relatively 
complex, multi-step fabrication, relative to construction of the devices of the present 
invention, and is typically much larger in overall scale. 
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Referring now to Fig. 3, one embodiment of the present invention, in the form of a 
microfluidic system 26, is illustrated schematically in cross-section (although it will be 
understood that a top view of system 26, absent top wall 38 of Fig. 4, would appear similar). 
Although "top" and "bottom" are used to define certain portions and perspectives of systems 
5 of the invention, it is to be understood that the systems can be used in orientations different 
from those described. For reference, it is noted that the system is designed such that fluid 
flows optimally from left to right per the orientation of Fig. 3. 

System 26 includes a series of walls defining regions of the microfluidic system via 
which the system will be described. A microfluidic interconnected region 28 is defined in the 

1 0 system by walls 29, and includes an upstream portion 30 and a downstream portion 32, 

connected to an outlet further downstream which is not shown in Fig. 3. In the embodiment 
illustrated in Fig. 3, a subject fluid channel 34, defined by side walls 31, is provided within 
the outer boundaries of interconnected region 28. Subject fluid channel 34 has an outlet 37 
between upstream portion 30 and downstream portion 32 of interconnected region 28. The 

1 5 system is thus arranged to deliver a subject fluid from channel 34 into the interconnected 
region between the upstream portion and the downstream portion. 

Fig. 4, a cross-sectional illustration through line 4-4 of Fig. 3 shows (in addition to 
some of the components shown in Fig. 3 - walls 29 and 3 1) a bottom wall 36 and a top wall 
38 which, together with walls 29 and 31, defining continuous region 28 (at upstream portion 

20 30 thereof) and subject fluid channel 34. It can be seen that interconnected region 28, at 
upstream portion 30, includes two separate sections, separated by subject fluid channel 34. 
The separate sections are interconnected further downstream. 

Referring again to Fig. 3, interconnected region 28 includes a dimensionally-restricted 
section 40 formed by extensions 42 extending from side walls 29 into the interconnected 

25 region. Fluid flowing from upstream portion 30 to downstream portion 32 of the 
interconnected region must pass through dimensionally-restricted section 40 in the 
embodiment illustrated. Outlet 37 of subject fluid channel 34 is positioned upstream of the 
dimensionally-restricted section. In the embodiment illustrated, the downstream portion of 
interconnected region 28 has a central axis 44, which is the same as the central axis of subject 

30 fluid channel 34. That is, the subject fluid channel is positioned to release subject fluid 

upstream of the dimensionally-restricted section, and in line with the dimensionally-restricted 
section. As arranged as shown in Fig. 3, subject fluid channel 34 releases subject fluid into 
an interior portion of interconnected region 28. That is, the outer boundaries of the 
interconnected region are exterior of the outer boundaries of the subject fluid channel. At the 
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precise point at which fluid flowing downstream in the interconnected region meets fluid 
released from the subject fluid channel, the subject fluid is surrounded at least in part by the 
fluid in the interconnected region, but is not completely surrounded by fluid in the 
interconnected region. Instead, it is surrounded through approximately 50% of its 
5 circumference, in the embodiment illustrated. Portions of the circumference of the subject 
fluid are constrained by bottom wall 36 and top wall 38. 

In the embodiments illustrated, the dimensionally-restricted section is an annular 
orifice, but it can take any of a varieties of forms. For example, it can be elongate, ovoid, 
square, or the like. Preferably, it is shaped in any way that causes the dispersing fluid to 

10 surround and constrict the cross-sectional shape of the subject fluid. The dimensionally- 
restricted section is non-valved in preferred embodiments. That is, it is an orifice that cannot 
be switched between an open state and a closed state, and typically is of fixed size. 

Although not shown in Figs. 3 and 4, one or more intermediate fluid channels can be 
provided in the arrangement of Figs. 3 and 4 to provide an encapsulating fluid surrounding 

15 discontinuous portions of subject fluid produced by action of the dispersing fluid on the 

subject fluid. In one embodiment, two intermediate fluid channels are provided, one on each 
side of subject fluid channel 34, each with an outlet near the outlet of the subject fluid 
channel. 

In some, but not all embodiments, all components of system 26 are microfluidic. 

20 "Microfluidic", as used herein, refers to a device, apparatus or system including at least one 
fluid channel having a cross-sectional dimension of less than 1 millimeter (mm), and a ratio 
of length to largest cross-sectional dimension of at least 3:1, and "Microfluidic channel" is a 
channel meeting these criteria. Cross-sectional dimension is measured perpendicular to the 
direction of fluid flow. Most fluid channels in components of the invention have maximum 

25 cross-sectional dimensions less than 2 millimeters, and preferably I millimeter. In one set of 
embodiments, all fluid channels, at least at regions at which one fluid is dispersed by another, 
are microfluidic or of largest cross sectional dimension of no more than 2 millimeters. In 
another embodiment, all fluid channels associated with fluid dispersion, formed in part by a 
single component (e.g. an etched substrate or molded unit) are microfluidic or of maximum 

30 dimension of 2 millimeters. Of course, larger channels, tubes, etc. can be used to store fluids 
in bulk and to deliver fluids to components of the invention. 

A "microfluidic interconnected region," as used herein, refers to a portion of a device, 
apparatus or system including two or more microfluidic channels in fluid communication. 
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In one set of embodiments, the maximum cross-sectional dimension of all active fluid 
channels, that is, all channels that participate in fluid dispersion, is less than 500 microns or 
200, 100, 50, or 25 microns. For example, cross-section 50 of interconnected region 28, as 
well as the maximum cross-sectional dimension 52 of subject fluid channel 34, can be less 
5 than any of these dimensions. Upstream sections 30 of interconnected region 28 can be 
defined by any of these maximum cross-sectional boundaries as well. Devices and systems 
may include channels having non-microfluidic portions as well. 

"Channel", as used herein, means a feature on or in an article (substrate) that at least 
partially directs the flow of a fluid. The feature can be a groove of any cross-sectional shape 

1 0 (curved, square or rectangular as illustrated in the figures, or the like) and can be covered or 
uncovered. In embodiments where it is completely covered, at least one portion of the 
channel can have a cross-section that is completely enclosed, or the entire channel may be 
completely enclosed along its entire length with the exception of its inlet and outlet. Unless 
otherwise indicated, in the embodiments illustrated in the accompanying figures, all channels 

1 5 are completely enclosed. 

One aspect of the invention involves simplified fabrication of microfluidic fluid- 
combining systems, and resulting systems defined by fewer components than typical prior art 
systems. For example, in the arrangement illustrated in Figs. 3 and 4, bottom portion 36 and 
walls 29 and 31 are integral with each other. "Integral", as used herein, means that the 

20 portions are joined in such a way that they cannot be separated from each other without 
cutting or breaking the components from each other. As illustrated, bottom portion 36 and 
walls 31 and 29 are formed from a single piece of material. Top portion 38, which defines 
the upper wall of interconnected region 28 and subject fluid channel 34 in the embodiment 
illustrated, can be formed of the same material of bottom wall 36 and walls 31 and 29, or a 

25 different material. In one embodiment, at least some of the components described above are 
transparent so that fluid flow can be observed. For example, top wall 38 can be a transparent 
material, such as glass. 

A variety of materials and methods can be used to form components of system 26. In 
some cases various materials selected lend themselves to various methods. For example, 

30 components of the invention can be formed from solid materials, in which the channels can 
be formed via micromachining, film deposition processes such as spin coating and chemical 
vapor deposition, laser fabrication, photolithographic techniques, etching methods including 
wet chemical or plasma processes, and the like. See, for example, Angell, et al., Scientific 
American 248:44-55 (1 983). In one embodiment, at least a portion of the system (for 
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example, bottom wall 36 and walls 29 and 31) is formed of silicon by etching features in a 
silicon chip. Technology for precise and efficient fabrication of devices of the invention 
from silicon is known. In another embodiment, the section (or other sections) can be formed 
of a polymer, and can be an elastomeric polymer, or polytetrafluoroethylene (PTFE; 
5 Teflon**), or the like. 

Different components can be fabricated of different materials. For example, a base 
portion including bottom wall 36 and side walls 29 and 34 can be fabricated from an opaque 
material such as silicon or PDMS, and top portion 38 can be fabricated from a transparent 
material such as glass or a transparent polymer, for observation and control of the fluidic 

10 process. Components can be coated so as to expose a desired chemical functionality to fluids 
that contact interior channel walls, where base supporting material does not have the precise, 
desired functionality. For example, components can be fabricated as illustrated, with interior 
channel walls coated with another material. 

Material used to fabricate devices of the invention, or material used to coat interior 

1 5 walls of fluid channels, may desirably be selected from among those materials that will not 
adversely affect or be affected by fluid flowing through the device, e.g., material(s) that is 
chemically inert in the presence of fluids at working temperatures and pressures that are to be 
used within the device. 

In one embodiment, components of the invention are fabricated from polymeric 

20 and/or flexible and/or elastomeric materials, and can be conveniently formed of a hardenable 
fluid, facilitating fabrication via molding (e.g. replica molding, injection molding, cast 
molding, etc.). The hardenable fluid can be essentially any fluid art that can be induced to 
solidify, or that spontaneously solidifies, into a solid capable of containing and transporting 
fluids contemplated for use in and with the microfluidic network structures. In one 

25 embodiment, the hardenable fluid comprises a polymeric liquid or a liquid polymeric 
precursor (i.e. a "prepolymer"). Suitable polymeric liquids can include, for example, 
thermoplastic polymers, thermoset polymers, or mixture of such polymers heated above their 
melting point; or a solution of one or more polymers in a suitable solvent, which solution 
forms a solid polymeric material upon removal of the solvent, for example, by evaporation. 

30 Such polymeric materials, which can be solidified from, for example, a melt state, by solvent 
evaporation or by catalysis, are well known to those of ordinary skill in the art. A variety of 
polymeric materials, many of which are elastomeric, are suitable, and are also suitable for 
forming molds or mold masters, for embodiments where one or both of the mold masters is 
composed of an elastomeric material. A non-limiting list of examples of such polymers 
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includes polymers of the general classes of silicone polymers, epoxy polymers, and acrylate 
polymers. Epoxy polymers are characterized by the presence of a three-membered cyclic 
ether group commonly referred to as an epoxy group, 1, 2-epoxide, or oxirane. For example, 
diglycidyl ethers of bisphenol A can be used, in addition to compounds based on aromatic 
5 amine, triazine, and cycloaliphatic backbones. Another example includes the well-known 
Novolac™ polymers. Examples of silicone elastomers suitable for use according to the 
invention include those formed from precursors including the chlorosilanes such as 
methylchlorosilanes, ethylchlorosilanes, and phenylchlorosilanes, and the like. 

Silicone polymers are preferred in one set of embodiments, for example, the silicone 

10 elastomer polydimethylsiloxane (PDMS). Exemplary polydimethylsiloxane polymers 

include those sold under the trademark Sylgard® by Dow Chemical Co., Midland, MI, and 
particularly Sylgard 182, Sylgard 184, and Sylgard 186. Silicone polymers including PDMS 
have several beneficial properties simplifying fabrication of the microfluidic structures of the 
invention. First, such materials are inexpensive, readily available, and can be solidified from 

1 5 a prepolymeric liquid via curing with heat. For example, PDMSs are typically curable by 
exposure of the prepolymeric liquid to temperatures of about, for example, 65°C to about 
75°C for exposure times of about, for example, 1 hour. Second, silicone polymers, such as 
PDMS, are elastomeric and are thus useful for forming very small features with relatively 
high aspect ratios, necessary in certain embodiments of the invention. Flexible (e.g. 

20 elastomeric) molds or masters can be advantageous in this regard. 

Another advantage of forming microfluidic structures of the invention from silicone 
polymers, such as PDMS, is the ability of such polymers to be oxidized, for example by 
exposure to an oxygen-containing plasma such as an air plasma, so that the oxidized 
structures contain at their surface chemical groups capable of cross-linking to other oxidized 

25 silicone polymer surfaces or to the oxidized surfaces of a variety of other polymeric and non- 
polymeric materials. Thus, components can be fabricated and then oxidized and essentially 
irreversibly sealed to other silicone polymer surfaces, or to the surfaces of other substrates 
reactive with the oxidized silicone polymer surfaces, without the need for separate adhesives 
or other sealing means. In most cases, sealing can be completed simply by contacting an 

30 oxidized silicone surface to another surface without the need to apply auxiliary pressure to 
form the seal. That is, the pre-oxidized silicone surface acts as a contact adhesive against 
suitable mating surfaces. Specifically, in addition to being irreversibly sealable to itself, 
oxidized silicone such as oxidized PDMS can also be sealed irreversibly to a range of 
oxidized materials other than itself including, for example, glass, silicon, silicon oxide, 
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quartz, silicon nitride, polyethylene, polystyrene, glassy carbon, and epoxy polymers, which 
have been oxidized in a similar fashion to the PDMS surface (for example, via exposure to an 
oxygen-containing plasma). Oxidation and sealing methods useful in the context of the 
present invention, as well as overall molding techniques, are described in Duffy et al., Rapid 
5 Prototyping of Microfluidic Systems and Polydimethylsiloxane, Analytical Chemistry, Vol. 
70, pages 474-480, 1998, incorporated herein by reference. 

Another advantage to forming microfluidic structures of the invention (or interior, 
fluid-contacting surfaces) from oxidized silicone polymers is that these surfaces can be much 
more hydrophilic than the surfaces of typical elastomeric polymers (where a hydrophilic 

10 interior surface is desired). Such hydrophilic channel surfaces can thus be more easily filled 
and wetted with aqueous solutions than can structures comprised of typical, unoxidized 
elastomeric polymers or other hydrophobic materials. Thus, devices of the invention can be 
made with surfaces that are more hydrophilic than unoxididized elastomeric polymers. 
In one embodiment, bottom wall 36 is formed of a material different from one or 

15 more of walls 29 or 3 1 , or top wall 38, or other components. For example, the interior 

surface of bottom wall 36 can comprise the surface of a silicon wafer or microchip, or other 
substrate. Other components can, as described above, be sealed to such alternative substrates. 
Where it is desired to seal a component comprising a silicone polymer (e.g. PDMS) to a 
substrate (bottom wall) of different material, it is preferred that the substrate be selected from 

20 the group of materials to which oxidized silicone polymer is able to irreversibly seal (e.g., 
glass, silicon, silicon oxide, quartz, silicon nitride, polyethylene, polystyrene, epoxy 
polymers, and glassy carbon surfaces which have been oxidized). Alternatively, other sealing 
techniques can be used, as would be apparent to those of ordinary skill in the art, including, 
but not limited to, the use of separate adhesives, thermal bonding, solvent bonding, ultrasonic 

25 welding, etc. 

The invention provides for formation of discontinuous, or isolated, regions of a 
subject fluid in a dispersing fluid, with these fluids optionally separated by one or more 
intermediate fluids. These fluids can be selected among essentially any fluids (liquids, gases, 
and the like) by those of ordinary skill in the art, by considering the relationship between the 
30 fluids. For example, the subject fluid and the dispersing fluid are selected to be immiscible 
within the time frame of formation of the dispersed portions. Where the dispersed portions 
remain liquid for a significant period of time, the fluids should be significantly immiscible. 
Where, after formation of dispersed portions, the dispersed portions are quickly hardened by 
polymerization or the like, the fluids need not be as immiscible. Those of ordinary skill in 
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the art can select suitable immiscible fluids, using contact angle measurements or the like, to 
carry out the techniques of the invention. 

Subject fluid dispersion can be controlled by those of ordinary skill in the art, based 
on the teachings herein, as well as available teachings in the field of flow-focusing. 
5 Reference can be made, for example, to "Generation of Steady Liquid Microthreads and 
Micron-Sized Monodispersed Sprays and Gas Streams," Phys. Rev. Lett., 80:2, January 12, 
1998, Ganan-Calvo, as well as numerous other texts, for selection of fluids to carry out the 
purposes of the invention. As will be more fully appreciated from the examples below, 
control of dispersing fluid flow rate, and ratio between the flow rates of dispersing and 

10 subject fluids, can be used to control subject fluid stream and/or dispersion size, and 

monodispersity versus polydispersity in fluid dispersions. The microfluidic devices of the 
present invention, coupled with flow rate and ratio control as taught herein, allow 
significantly improved control and range. The size of the dispersed portion can range down 
to less than one micron in diameter. 

1 5 Many dispersions have bulk properties (e.g. rheology; how the dispersion(s) flows, 

and optionally other properties such as optical properties, taste, feel, etc., influenced by the 
dispersion size and the dispersion size distribution. Typical prior art techniques, such as prior 
art flow focusing techniques, most commonly involve monodisperse systems. The present 
invention also involves control of conditions that bidisperse and polydisperse discontinuous 

20 section distributions result, and this can be useful when influencing the bulk properties by 
altering the discontinuous size distribution, etc. 

The invention can be used to form a variety of dispersed fluid sections or particles for 
use in medicine (e.g., pharmaceuticals), skin care products (e.g. lotions, shower gels), foods 
(e.g. salad dressings, ice cream), ink encapsulation, paint, micro-templating of micro- 

25 engineered materials (e.g., photonic crystals, smart materials, etc.), foams, and the like. 
Highly monodisperse and concentrated liquid crystal droplets produced according to the 
invention can self-organize into two and three dimensional structures, and these can be used 
in, for example, novel optical devices. 

One advantage of the present invention is increased control over size of discontinuous 

30 portions of subject fluid. This is in contrast to many prior art techniques in which, typically, 
an inner fluid is drawn into a stream or set of drops of size smaller than an orifice through 
which the fluid is forced. In the present invention, some embodiments involve formation of a 
subject fluid stream and/or discontinuous portions having a mean cross-sectional dimension 
or mean diameter, respectively, no smaller than the mean cross-sectional dimension of the 
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dimensionally-restricted section. The invention involves control over these mean cross- 
sectional dimensions or diameters by control of the flow rate of the dispersing fluid, subject 
fluid, or both, and/or control of the ratios of these flow rates, alternatively in conjunction with 
the microfluidic environment. In other embodiments, the subject fluid stream and/or 
5 discontinuous portions have a mean cross-sectional dimension or mean diameter, 
respectively, no smaller than 90% of the mean cross-sectional dimension of the 
dimensionally-restricted section, or in other embodiments no smaller than 80%, 70%, 60%, 
50%, 40%, or 30% of the mean cross-sectional dimension of the dimensionally-restricted 
section. This can be advantageous in that the system of the invention can operate over a 

1 0 range of flow rates and produce essentially the same stream or discontinuous section size at 
those varying flow rates (the size being set, e.g., by the dimension of the dimensionally- 
restricted section) up to a threshold flow rate, at which point increasing the flow rate causes a 
corresponding decrease in subject fluid stream and/or discontinuous portion mean cross- 
sectional dimension or mean diameter, respectively. 

1 5 In some embodiments, a gas-liquid dispersion may be formed to create a foam. As the 

volume percent of a gas in a gas-liquid dispersion increases, individual gas bubbles may lose 
their spherical shape as they are forced against each other. If constrained by one or more 
surfaces, these spheres may be compressed to disks, but will typically maintain a circular 
shape pattern when viewed through the compressing surface. Typically, a dispersion is called 

20 a foam when the gas bubbles become non-spherical, or polygonal, at higher volume 

percentages. Although many factors, for example, dispersion size, viscosity, and surface 
tension may affect when a foam is formed, in some embodiments, foams form (non-spherical 
bubbles) when the volume percent of gas in the gas-liquid dispersion exceeds, for example, 
75, 80, 85, 90 or 95. 

25 Formation of initial, subject fluid droplets (or dispersed phases), which can be broken 

up into smaller droplets in accordance with some aspects of the invention, will be described. 
It is to be understood that essentially any technique, including those described herein, for 
forming subject fluid droplets can be employed. One technique for forming subject fluid 
droplets can be done using a device such as that shown in Fig. 1 . Fig. 1 is a partial cross- 

30 sectional schematic representation of a typical prior art "flow focusing" technique for 
reducing the size of a fluid stream and, alternatively, forming droplets of a first fluid 
separated by a second. The arrangement is described above. 

Another technique for subject fluid droplet formation is by employing the device of 
Fig. 3 that is described herein. Fig. 3 shows a microfluidic system 26, illustrated 
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schematically in cross-section (although it will be understood that a top view of system 26, 
absent a top wall, would appear similar). Although "top" and "bottom" are used to define 
certain portions and perspectives of systems of the invention, it is to be understood that the 
systems can be used in orientations different from those described. For reference, it is noted 
5 that the system is designed such that fluid flows optimally from left to right per the 
orientation of Fig. 3. System 26 includes a series of walls defining regions of the 
microfluidic system via which the system will be described. A microfluidic interconnected 
region 28 is defined in the system by walls 29, and includes an upstream portion 30 and a 
downstream portion 32, connected to an outlet further downstream which is not shown in Fig. 

10 3. In the embodiment illustrated in Fig. 3, a subject fluid channel 34, defined by side walls 
31, is provided within the outer boundaries of interconnected region 28. Subject fluid 
channel 34 has an outlet 37 between upstream portion and downstream portion of 
interconnected region 28. The system is thus arranged to deliver a subject fluid from channel 
34 into the interconnected region between the upstream portion and the downstream portion. 

15 Interconnected region 28 includes a dimensionally-restricted section 40 formed by extensions 
42 extending from side walls 29 into the interconnected region. Fluid flowing from upstream 
portion 30 to downstream portion 32 of the interconnected region must pass through 
dimensionally-restricted section 40 in the embodiment illustrated. Outlet 37 of subject fluid 
channel 34 is positioned upstream of the dimensionally-restricted section. In the embodiment 

20 illustrated, the downstream portion of interconnected region 28 has a central axis 44, which is 
the same as the central axis of subject fluid channel 34. That is, the subject fluid channel is 
positioned to release subject fluid upstream of the dimensionally-restricted section, and in 
line with the dimensionally-restricted section. As arranged as shown in Fig. 3, subject fluid 
channel 34 releases subject fluid into an interior portion of interconnected region 28. That is, 

25 the outer boundaries of the interconnected region are exterior of the outer boundaries of the 
subject fluid channel. At the precise point at which fluid flowing downstream in the 
interconnected region meets fluid released from the subject fluid channel, the subject fluid is 
surrounded at least in part by the fluid in the interconnected region, but is not completely 
surrounded by fluid in the interconnected region. Instead, it is surrounded through 

30 approximately 50% of its circumference, in the embodiment illustrated. 

* 

Referring now to Fig. 5, one general principle for droplet formation of the invention is 
illustrated schematically. In Fig. 5 a plurality of subject droplets 60 flow in a direction 
indicated by arrow 62. Droplets 60 are dispersed-phase droplets contained within a 
dispersant (surrounding droplets 60, but not specifically indicated in the figure). Droplets 60 
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are caused to flow against and impact upon an obstruction 62, whereupon droplet 60 is 
broken up into smaller droplets 64 downstream of the obstruction. Droplets 60 can be 
directed toward and urged against obstruction 62, and thereby broken up into droplets 64 
using any suitable technique including microfluidic techniques described herein. 
5 In one set of embodiments, subject fluid droplets have the largest cross-sectional 

dimension of no more than 5 millimeters, or 1 millimeter, 500 microns, 250 microns, 100 
microns, 60 microns, 40 microns, 20 microns, or even 10 microns. Where the droplets are 
essentially spherical, the largest cross-sectional dimension will be the diameter of the sphere. 
Resultant further-dispersed droplets 64 can have the same largest cross-sectional dimensions 

10 as those recited immediately above but, of course, will be smaller in cross-sectional 

dimension than those of droplets 60. Typically, the largest cross-sectional dimension of 
further-dispersed droplets 64 will be no more than 80% of the largest cross-sectional 
dimensional of initial subject droplets 60 or no more than 60%, 40%, or 20% the largest 
cross-sectional dimension of droplets 60. 

1 5 Referring to Fig. 6, one arrangement for the formation of droplets of a variety of sizes 

(control of drop size distribution or range) is illustrated. In Fig. 6, a plurality of microfluidic 
channels 66, 68, 70, 72, and 74 each carry a plurality of subject droplets 60 (in each case 
represented by one droplet for simplicity), and urge the droplets to flow in a dispersant 
surrounding the droplets in the direction of arrow 76. Each of channels 66-74 includes a 

20 different arrangement of obstructions. Channel 66 is free of any obstruction and droplet 60 is 
unaffected as it flows downstream. Channel 68, representative of the arrangement of Fig. 5, 
results in droplets 64 of essentially uniform size downstream of obstruction 62. Channel 70 
includes a plurality of obstructions arranged in series, one approximately in the center of 
channel 70 and two more, downstream of the first, each positioned approximately halfway 

25 between the first obstruction and the channel wall. The result can be a plurality of droplets 
76 of essentially uniform size, smaller than droplets 64. Channel 72 includes one obstruction, 
but offset from center. The result can be formation of at least two different drops 78 and 80, 
of different drop sizes, downstream of the obstruction. Channel 74 includes a plurality of 
evenly-spaced obstructions across the channel, which can result in an essentially uniform 

30 distribution of small droplets 82 downstream thereof. Each of channels 66-74 can represent a 
separate system for separately producing sets of dispersed droplets of different size or size 
distribution, or the outlets of some or all of these or other channels can be combined to result 
in essentially any product having essentially any combination of droplet sizes. 
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The arrangements of Fig. 6 are highly schematic, and are intended only to represent 
the variety of dispersions that can be created in accordance with the invention. It is to be 
understood that the specific distribution of droplets, downstream of obstructions, will vary 
depending upon factors such as immiscibility (incompatibility) of the dispersed phase within 
5 the dispersant (which may be characterized by difference in contact angle measurements of 
the fluids, or other characteristics known in the art), flow rate, obstruction size and shape, and 
the like. Although an obstruction of triangular cross-sectional shape is illustrated in Fig. 5, 
and reproduced highly schematically as obstructions of essentially circular cross-section in 
Fig. 6, it is to be understood that obstructions of essentially any size and cross-sectional shape 

10 can be used (e.g., square, rectangular, triangular, ovoid, circular). Those of ordinary skill in 
the art can select obstruction size, shape, and placement to achieve essentially any resultant 
dispersant size and distribution. Shapes and sizes of channels can be selected from a variety 
as well, for example those described above with respect to Fig. 3. 

Referring now to Fig. 7, a microfluidic system 90 is illustrated schematically, 

1 5 showing one technique for forming dispersed phase droplets 60, which can be further 

dispersed using an obstruction(s) in accordance with the invention. System 90 includes a first 
channel 92, and a second channel 94 arranged perpendicularly to, and terminating at, a "T" 
junction with channel 92. A dispersant flows within channel 92, upstream of the T-junction, 
in the direction of arrow 96 and a dispersed phase flows within channel 94, upstream of the 

20 T-junction, in the direction of arrow 98. At the T-junction, a dispersed phase of fluid 

delivered via channel 94 is formed within dispersant delivered via channel 92, represented as 
fluid droplet 96. Formation of a dispersed phase within a dispersant at a T-junction, as 
illustrated, is known in the art. Selection of dispersant and a dispersed phase relative 
pressures in fluid channels, flow rates, etc. all can be selected routinely of those of ordinary 

25 skill in the art. In accordance with the invention, an obstruction 98 (represented in Fig. 7 as a 
centrally-positioned obstruction of square cross-section) causes droplet 96 to be broken into 
smaller droplets 100 downstream of the obstruction. The transverse placement of obstruction 
98, indicated by the relative distances (a) and (b) from each sidewall allows control over the 
size of the resultant dispersed phase, and range of size distribution, as described above with 

30 reference to Fig. 6. Channels 92 and 94 can take essentially any geometrical form. In the 
embodiment illustrated they are intended to be of essentially square cross-section, with a 
dimension (c), representing the distance between side walls of less than about 1 millimeter, or 
other dimensions noted above for channels. ). 
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In an alternate arrangement, rather than forming dispersed phase represented by 
droplet 96 at a T-junction as shown in Fig. 7, the arrangement illustrated in Fig. 3 can be used 
upstream of one or more obstructions. 

The obstructions can be of essentially any size and cross-sectional configuration. 
5 They also can be positioned anywhere within a channel carrying a dispersed phase desirably 
broken down into a more dispersed phase. For ease of fabrication, the obstructions will 
typically span the channel from a bottom surface to a top surface thereof (where Figs. 5, 6, 
and 7 are looking "down" within a channel), and will generally have uniform cross-sectional 
geometry throughout this span. 
10 Referring now to Fig. 8, a system 1 10 for further dispersing a dispersed phase is 

illustrated schematically. In system 1 10 an inlet channel 1 12 delivers fluid flowing in the 
direction of arrow 1 14 to a T-junction 1 1 6 at which channel 1 12 perpendicularly abuts a back 

* 

pressure control channel including sections 1 18 and 120 emanating, respectively, in opposing 
directions from the T-junction. Channels 1 18 and 120 feed, respectively, into collection 

15 channels 122 and 124 which eventually combine to deliver fluid into an outlet channel 126. 

Channel 1 12 delivers, in the direction of arrow 1 14, a dispersed fluid phase within a 
dispersant fluid phase, formed in any convenient manner (such as those described herein with 
reference to Figs. 1 and 3), and under conditions (size of dispersed phase, flow rate, pressure, 
etc. as known to those of ordinary skill in the art) to cause dispersed phase breakup at T- 

20 junction 116. It has been determined in accordance with the invention that the relative flow 
resistances in each of channels 1 18 and 120 determine the relative sizes (volumes) of 
dispersed phase droplets flowing within these channels (represented as relatively smaller 
droplets 128 delivered by channel 1 18 and relatively larger droplets 130 delivered by channel 
120). These droplets are combined in delivery channel 126. In an otherwise-symmetrical 

25 device, the relative lengths of backflow pressure channels 1 18 and 120 result in proportional 
backpressure, and proportionally smaller-size drops at higher backpressure (longer channels). 
Accordingly, the invention involves, in one aspect, delivering first and second fluids from a 
delivery channel to an intersection of the delivery channel with first and second dispersion 
channels, and causing dispersion of the first fluid within the second fluid in the first fluid 

30 channel at a first dispersion size, and in the second dispersion channel at a second, different 
dispersion size. This arrangement takes advantage of the extensional flow in the 
neighborhood of the stagnation point at the T-junction. 

When using the T-junction geometry, the formation of small drops generally requires 
high shear rates in the continuous phase and consequently small drops tend to be associated 



21 



WO 2004/002627 PCTYUS2003/020542 

with small volume fractions of the dispersed phase. At lower shear rates, on the other hand, 
the dispersed phase forms more elongated shapes which, in turn, implies high dispersed phase 
volume fractions. 

The function and advantage of these and other embodiments of the present invention 
will be more fully understood from the examples below. The following examples are 
intended to illustrate the benefits of the present invention, but do not exemplify the fall scope 
of the invention. 

Examples 

The following examples demonstrate the use of microfluidic channel geometry to 
form drops of a subject fluid in a continuous phase of a second, immiscible dispersing fluid. 
For the experiments described here, a flow-focusing-like geometry has been fabricated in a 
planar microchannel design using soft lithography fabrication methods; i.e. the example 
demonstrates the ability to rapidly produce an integrated microchannel prototype in 
essentially a single step. The first group of examples used oil and water as two immiscible 
fluids. Using oil as the continuous phase liquid (dispersing fluid) and water as the dispersed 
phase (subject fluid), a wide range of drop formation patterns (discontinuous sections) was 
realized, depending on the flow rates applied to each liquid inlet stream. Variation in size of 
the resulting discontinuous sections as a function of the oil flow rate, Q<,,y, and the ratio of the 
oil flow rate to the water flow rate, R = Q 0 ii/Q %va ,er was determined. The droplets observed 
span over three decades in diameter, with the smallest droplets in the range of hundreds of 
nanometers. 

Fig. 9 is a photocopy of photomagnification (10X) of a device made according to the 
invention, as illustrated schematically in Figs. 3 and 4. Water as the subject fluid was flowed 
through subject fluid channel 34, and oil, as an immiscible dispersing fluid, was flowed 
downstream in the interconnected section surrounding the subject fluid channel. The two 
liquid phases were then forced to flow through dimensionally-restricted region 40, in the 
form of an orifice downstream of and in line with the outlet of the subject fluid channel. 
Dispersing fluid (oil) exerted pressure and viscous stresses that forced the subject fluid into a 
narrow thread, which then was caused to break inside, or just downstream of, the 
dimensionally-restricted section. Span 80 surfactant was dissolved in the oil phase to 
maintain stability of the droplets against coalescence. Figs. 10-12 are photocopies of 
photomagnifications (20X magnification) of the formation of discontinuous sections 62 in a 
subject fluid 66 by action of a dispersing fluid 68, brought into contact with subject fluid 66 
and urged through a dimensionally-restricted region 40 in the device. As can be seen, a wide 
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range of size of discontinuous portions 62 can be provided. For example, in Fig. 1 1 (e), 
discontinuous portions 62 which are specifically labeled 70 and 72, for purposes of this 
discussion, demonstrate a ratio in maximum cross-sectional dimension of each discontinuous 
portion of approximately 5:1. 
5 The microfluidic device shown in Fig 9 (and in Figs. 10-13) was fabricated from 

PDMS using soft lithography techniques as described by Duffy, et al., referenced above. 
Nominally, the largest channel width 50 of the interconnected region (with reference to 
schematic Fig. 3) was 1 mm, and the width of subject fluid channel 34 was 200 microns. The 
distance from outlet 36 of the subject fluid channel to the dimensionally-restricted region 40, 

10 Hfocus, was 200 microns, diameter of the dimensionally-restricted portion was 50 microns and 
100 microns, in two different experiments. The thickness of the internal walls in the device 
was 100 microns, suitable for maintaining PDMS, from which the walls were made, and a 
glass top wall 38. The depth of channels (height of walls 29 and 3 1) was 100 microns. 
Actual dimensions in use varied slightly since silicone oil swelled the PDMS, These values 

1 5 were determined by microscopy. 

The fluids used were distilled water (subject fluid) and silicone oil (dispersing fluid; 
Silicone Oil AS 4, Fluka). The viscosity of the silicone oil as reported by the manufacturer 
was 6 mPasec. The silicone oil contained 0.67 wt % of Span 80 surfactant (Sorbitan 
monooleate, Aldrich). The surfactant solution was prepared by mechanically mixing 

20 surfactant with silicone oil for approximately 30 minutes and then filtering to eliminate 
aggregates and prevent clogging of the microchannel. 

The fluids were introduced into the microchannel through flexible tubing (Clay 
Adams Intramedic PE60 Polyethylene Tubing) and the flow rate was controlled using 
separate syringe pumps for each fluid (Braintree Scientific BS8000 Syringe Pump). In the 

25 embodiment of the invention demonstrated here, the flow rate of the dispersing fluid (oil), 
Qo, was always greater than the flow rate of the subject fluid (water), g ( . Three different flow 
rate ratios were chosen, QJQi - 4, 40, and 400, where the oil flow rate given corresponded to 
the total flow rate in both oil inlet streams. For each QJQu oil flow rates spanning more than 
two orders of magnitude were chosen (4.2 x 10" 5 ml/sec <= Q Q , <== 8.3 x 10 3 ml/sec). At 

30 each value of Q Q and Q h drop formation inside and just downstream of the orifice was 

visualized using an inverted microscope (Model DM IRB, Leica Microsystems) and a high- 
speed camera (Phantom V5.0, Photo-Sonics, Inc.; up to 6000 frames/sec). Image processing 
was used to measure drop sizes, which are reported as an equivalent sphere diameter. 
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Fig. 10 (images a-e), is a photocopy of 20X photomagnifications of the device of Fig. 
9, in use. Experimental images of drop breakup sequences occurring inside the 
dimensionally-restricted region (orifice) are shown. Uniform-sized drops were formed 
without visible satellites, breakup occurred inside the orifice. The time interval between 
5 images was 1000 microseconds. Q 0 = 8.3 x 10" 5 ml/sec and QJQi = 4. 

Fig. 1 1 (images a-e) is a photocopy of 20X photomagnification of the device of Fig. 9, 
in use under different conditions. A small satellite (discontinuous region) accompanies each 
large drop (discontinuous region); breakup occurred at two corresponding locations inside the 
orifice. The time interval between images was 166 microseconds; Q 0 = 4.2 x 10" 4 ml/sec and 
10 Qo/Qi = 40. 

Fig. 12 is a photocopy of photomagnifications of the arrangement of Fig. 9, in use at a 
variety of fluid flow rates and ratios. Each image represents sizes of discontinuous regions 
(drop) and patterns that form at the specified value of Q Q (rows) and QJQi (columns). The 
magnification was 20X. 

15 Fig. 13 provides a series of photomicrographs showing the formation of gas bubbles 

in a liquid. The gas dispersions were made using a microfluidic focusing device like that 
shown in Fig. 3. The subject fluid was nitrogen and the dispersion fluid was water. The 
subject fluid channel had a width of 200 jim, and each of the two dispersion fluid channels 
had a width of 250 nm. The constricted area was an annular orifice having a width of 30 jim. 

20 The width of the outlet channel was 750 |im. The pressure of the nitrogen fed to the subject 
fluid channel was 4 psi. The flow rate of the aqueous dispersion phase was varied stepwise 
from 4 mL/h down to 0.01 mL/h. As shown in Fig. 13(a), at higher flow rates of dispersion 
fluid (4 mL/h), the volume fraction of gas in the outflowing fluid was small and the bubbles 
were not ordered. As dispersion fluid flow rate was decreased to 1 .8 mL/h (Fig. 13(b)) 

25 distinct bubbles were visible but were still not well ordered. As the flow rate of the 

dispersion fluid decreased to 0.7 mL/h (Fig. 13(c)) a greater volume fraction of nitrogen and 
an increasing amount of order was seen. This trend continued through Figs. 13(d) and (e) 
with flow rates of 0.5 and 0.1 mL/h, respectively. At even lower flow rates, as shown in Figs. 
13(0 through (i), the dispersed fluid portions (nitrogen) start to lose their round shape. It is 

30 believed that a dispersion will form a foam when gas bubbles start to take on non-circular 
polygonal shapes as shown in Figs. 13(h) and (i). It is believed that these non- circular 
shapes tend to occur once the volume fraction of gas becomes greater than about 90% in the 
dispersion. These photomicrographs demonstrate the ability of the invention to form ordered 
phases in a liquid at high volume fractions. 
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Another device was made to further disperse fluid portions that formed a dispersion in 
an immiscible fluid. A series of microchannels were fabricated from polydimethyl siloxane 
(PDMS) using known soft lithography fabrication techniques (see, for example, Xia et ah, 
Angew. Chem., Int. Ed. Engl., Vol. 37, p. 550, 1998, incorporated by reference; WO 
96/29629, referenced above). For each of the examples described herein, original drop 
formation occurs at a T-junction and flow rates are chosen to maintain drops of nearly 
uniform size. Channel heights were 30 microns, and at the T-junction where drops were first 
formed, channel widths were also 30 microns. In the case of obstruction-assisted breakup, 
the obstruction had a cross-section of a square, 60 microns across, and the channel widths 
varied from 120 to 240 microns depending upon the placement within the channel of the 
obstruction (relative ratios of (a) to (b) as illustrated in Fig. 7). Distilled water was selected 
to form the dispersed phase and hexadecane (shear viscosity equal to 0.08g/cm.sec) was used 
as the continuous phase. 2.0 wt % Span 80 surfactant was added to the oil phase to assist 
drop formation. Individual syringe pumps were used to control the flow rate of the two 
phases. 

Fig. 14(a) shows a single column of drops, with size comparable to the channel, 
flowing past an obstruction placed in the middle of the channel. The drops deform as they 
flow in the gaps surrounding the obstruction and break into further dispersed drops just down 
stream of the obstruction. Figs. 14(b) and (c) illustrate that changing the asymmetric location 
of the obstruction allows control of the relative sizes of the further dispersed droplets. In 
addition, changes of the packing configuration of dispersed droplets can occur downstream of 
the obstruction. Fig. 14(d) illustrates that when a two layer configuration of droplets 
encounters an obstruction placed off center, the device can be arranged such that only drops 
in one of the layers is further dispersed, and consequently the result is a regular sequence of 
three different sizes of drops. Note that in order for this passive route of drop breakup to 
occur, the dispersed phase of volume fraction should be relatively large so that drops are 
forced to deform around the obstruction rather than simply passing through narrow gaps. 

In each of Figs. 14(a-d) the obstruction was a 60 micron cross-section square. In (a) 
the obstruction was placed in the center of the channel so that the ratio (a):(b) was 1 : 1 . In (b) 
the channel width was 150 microns and the ratio (a):(b) is 1:2. In (c) the channel width was 
240 microns and the ratio of (a):(b) was 1:5. In (d) every second drop was further dispersed 
when a two-layer pattern encountered an off-center obstruction. 

Fig. 1 5 illustrates further dispersion of a dispersed system via subjecting it to 
extensional flow in the neighborhood of T-junction. For flow rates below a critical value, 
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individual drops do not break but rather flow alternately into each of the side channels. For 
any given ratio of drop diameter to channel width there is a critical flow rate above which 
drops break, as shown in Fig. 15(a) where every drop breaks into two further-dispersed 
droplets of equal size. The relative sizes of the further-dispersed droplets can be controlled 

5 by the flow resistances of the side channels, which, in turn, are functions of their lengths and 
cross-sections. Figs. 15(b) and (c) show designs where the side channels have length ratios 
increasingly offset from 1:1. The flow resistance for laminar channel flow is proportional to 
the channel length. Since the flow resistance sets the relative volume flow rates and the side 
channels, the drop volumes vary with the length ratios as well. Not only can flow resistance 

10 be controlled by relative length of flow channels, but pressure-actuated valves can be used as 
well. 

Fig. 16 shows sequential application of geometrically mediated T-junction breakup of 
large segments of dispersed phase into formation of smaller, further-dispersed droplets of size 
comparable to channel cross-section. In particular, at a single inlet (top of section (a)), large 

1 5 volumes of dispersed phase within dispersant are provided. The ratio of dispersed phase to 
dispersant is large, at least 4:1. At a first T-junction, the dispersed phase is broken into 
segments approximately half as large in volume as those delivered through the initial inlet. 
Each of the outlets from the first T-junction serves as a inlet for another T-junction, through 
two more generations of T-junctions, and the resultant eight outlets are recombined into a 

20 single collection, or product channel containing highly-dispersed droplets within dispersant 
(Fig. 16(b)). 

Those of ordinary skill in the art will recognize that auxiliary components, not 
shown or described in detail herein, are useful in implementing the invention. For example, 
sources of various fluids, means for controlling pressures and/or flow rates of these fluids as 

25 delivered to channels shown herein, etc. Those of ordinary skill in the art will readily 

envision a variety of other means and structures for performing the functions and/or obtaining 
the results or advantages described herein, and each of such variations or modifications is 
deemed to be within the scope of the present invention. More generally, those skilled in the 
art would readily appreciate that all parameters, dimensions, materials, and configurations 

30 described herein are meant to be exemplary and that actual parameters, dimensions, 

materials, and configurations will depend upon specific applications for which the teachings 
of the present invention are used. Those skilled in the art will recognize, or be able to 
ascertain using no more than routine experimentation, many equivalents to the specific 
embodiments of the invention described herein. It is, therefore, to be understood that the 
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foregoing embodiments are presented by way of example only and that, within the scope of 
the appended claims and equivalents thereto, the invention may be practiced otherwise than 
as specifically described. The present invention is directed to each individual feature, system, 
material and/or method described herein. In addition, any combination of two or more such 

5 features, systems, materials and/or methods, if such features, systems, materials and/or 

methods are not mutually inconsistent, is included within the scope of the present invention. 

In the claims (as well as in the specification above), all transitional phrases such as 
"comprising", "including", "carrying", "having", "containing", "involving", "composed of 1 , 
"made of, "formed of* and the like are to be understood to be open-ended, i.e. to mean 

10 including but not limited to. Only the transitional phrases "consisting of and "consisting 
essentially of shall be closed or semi-closed transitional phrases, respectively, as set forth in 
the United States Patent Office Manual of Patent Examining Procedures, section 21 1 1.03. 

What is claimed is: 

15 
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1 . A method comprising: 

providing a microfluidic interconnected region having an upstream portion and a 
downstream portion connecting to an outlet; and 

creating discontinuous sections of a subject fluid in the interconnected region 
5 upstream of the outlet, at least some of the discontinuous sections having a maximum 
dimension of less than 20 microns. 

2. A method as in claim 1, comprising causing a dispersing fluid to create the 
discontinuous sections of the subject fluid. 

10 

3 A method as in claim 2, comprising exposing the subject fluid to two separate streams 
of a dispersing fluid, and allowing the two separate streams to join and to completely 
circumferential ly surround the subject fluid stream. 

15 4. A method as in claim 1, wherein the interconnected region has an enclosed cross- 
section. 

5. A method as in claim 1, wherein the interconnected region has a maximum cross- 
sectional dimension of less than 1 millimeter. 

20 

6. A method as in claim 1 , wherein the interconnected region has a maximum cross- 
sectional dimension of less than 500 microns. 

7. A method as in claim 1, wherein the interconnected region has a maximum cross- 
25 sectional dimension of less than 200 microns. 

8. A method as in claim 1, wherein the interconnected region has a maximum cross- 
sectional dimension of less than 100 microns. 

30 9. A method as in claim 1, wherein the interconnected region has a maximum cross- 
sectional dimension of less than 50 microns. 

10. A method as in claim 1, wherein the interconnected region has a maximum cross- 
sectional dimension of less than 25 microns. 
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11. A method as in claim 1, wherein both the subject fluid and the dispersing fluid are 
within the exterior boundaries of the interconnected region. 

5 12. A method as in claim 2, wherein the interconnected region contains a dimensionally- 
restricted section that assists in forming the discontinuous sections. 

13. A method as in claim 12, comprising allowing the dispersing fluid and subject fluid to 
pass through the dimensionally-restricted section wherein the subject fluid does not contact 

1 0 walls defining the dimensionally-restricted section. 

14. A method as in claim 2, comprising introducing the subject fluid from a subject fluid 
channel into the dispersing fluid in the interconnected region. 

15 15. A method as in claim 2, wherein the subject fluid comprises a liquid. 

16. A method as in claim 2, wherein the subject fluid comprises a gas. 

17. A method as in claim 13, wherein the subject fluid channel is at least partially 
20 surrounded by the interconnected region. 

1 8. A method as in claim 14, wherein the interconnected region includes an upstream 
portion having at least two sections partially surrounding the subject fluid channel and 
interconnecting at an outlet of the subject fluid channel. 

25 

19. A method as in claim 2, comprising creating a pressure differential between the 
upstream portion and the downstream portion of the interconnected region, introducing the 
dispersing fluid between the upstream portion and the outlet, and forming the discontinuous 
sections of the subject fluid at least in part via the pressure differential. 

30 

20. A method as in claim 19, comprising creating the pressure differential at least in part 
via a dimensionally-restricted section between the upstream portion of the interconnected 
region and the outlet. 
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21. A method as in claim 20, comprising flowing the subject fluid and the dispersing fluid 
through the dimensionally-restricted section. 

22. A method as in claim 21 , wherein each of the dispersing fluid and subject fluid has a 
5 flow rate, and the ratio of the flow rate of the subject fluid to the dispersing fluid being less 

than 1:5. 

23. A method as in claim 22, wherein the ratio is less than 1 :25. 
10 24. A method as in claim 22, wherein the ratio is less than 1 :50. 

25. A method as in claim 22, wherein the ratio is less than 1:100 

26. A method as in claim 22, wherein the ratio is less than 1:250. 

15 

27. A method as in claim 22, wherein the ratio is less than 1 :400. 



28. A method as in claim 22, wherein the subject fluid channel has an outlet terminating 
in the interconnected region upstream of the dimensionally-restricted section. 

20 

29. A method as in claim 28, wherein the subject fluid channel has an axis which passes 
through the dimensionally-restricted section. 



30. A method as in claim 2, wherein the downstream portion of the interconnected region 
25 has a central axis, and the subject fluid is introduced into the interconnected region from a 

subject fluid channel having a central axis aligned with the central axis of the downstream 
portion of the interconnected region. 

31. A method as in claim 2, wherein the dispersing fluid has a flow rate of between 6x 10 
30 5 and lx 10" 2 milliliters per second. 

32. A method as in claim 2, wherein the dispersing fluid has a flow rate of between 1x10 
4 and lx 10" 3 milliliters per second. 
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33. A method as in claim 32, wherein the ratio of flow rate of subject fluid to dispersing 
fluid is less than 1:5. 

34. A method as in claim 32, wherein the ratio of flow rate of subject fluid to dispersing 
5 fluid is less than 1:100. 

35. A method as in claim 32, wherein the ratio of flow rate of subject fluid to dispersing 
fluid is less than 1:400. 

10 36. A method as in claim 2, comprising creating monodisperse discontinuous subject fluid 
sections within the dispersing fluid. 

37. A method as in claim 2, comprising creating monodisperse subject fluid droplets 
within the dispersing fluid. 

15 

38. A method as in claim 2, comprising creating polydisperse discontinuous subject fluid 
sections within the dispersing fluid. 

39. A method as in claim 38, wherein the discontinuous sections each have a maximum 
20 dimension, and the size ratio of the section having the largest maximum dimension to that 

having the smallest maximum dimension is at least 10:1. 

40. A method as in claim 39, where the ratio is at least 25: 1 . 
25 41 . A method as in claim 39, where the ratio is at least 50:1 . 

42. A method as in claim 39, where the ratio is at least 100:1 . 

43. A method as in claim 38, wherein at least some of the discontinuous sections have a 
30 maximum cross-sectional dimension of less than 50 microns. 

44. A method as in claim 38, wherein at least some of the discontinuous sections have a 
maximum cross-sectional dimension of less than 25 microns. 
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45. A method as in claim 38, wherein at least some of the discontinuous sections have a 
maximum cross-sectional dimension of less than 10 microns. 

46. A method as in claim 38, wherein at least some of the discontinuous sections have a 
5 maximum cross-sectional dimension of less than 5 microns. 

47. A method as in claim 38, wherein at least some of the discontinuous sections have a 
maximum cross-sectional dimension of less than 1 micron. 

10 48. A method as in claim 2, further comprising introducing an intermediate fluid between 
the subject fluid and the dispersing fluid and creating discontinuous sections of the subject 
fluid, each section surrounded by a shell of intermediate fluid. 

49. A method as in claim 48, further comprising hardening the shell. 

15 

50. A method as in claim 48, comprising introducing the intermediate fluid between the 
subject fluid and the dispersing fluid via at least one intermediate fluid channel between the 
subject fluid channel and the interconnected region. 

20 51. A method as in claim 48, wherein the at least one intermediate fluid channel has an 
outlet near the outlet of the subject fluid channel. 

52. A method as in claim 2, wherein the subject fluid and the dispersing fluid are 
immiscible on the timescale of formation of the discontinuous sections. 

25 

53. A method as in claim 48, wherein each of the subject fluid, intermediate fluid, and 
dispersing fluid are immiscible with respect to each other on the timescale of section 
formation. 

30 54. A method comprising: 

providing a microfluidic interconnected region having an upstream portion and a 
downstream portion connecting to an outlet; 

introducing a subject fluid into an interior portion of the interconnected region; and 
creating discontinuous sections of the subject fluid in the interconnected region. 
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55. A method as in claim 60, wherein the subject fluid comprises a gas. 

56. The method of claim 55, wherein creating discontinuous sections of the gas in the 
5 interconnected region forms a foam. 

57. A method comprising: 

joining a flow of subject fluid with a dispersing fluid that does not completely axially 
surround the flow of subject fluid, and creating discontinuous sections of the subject fluid at 
10 least in part by action of the dispersing fluid. 

58. A method as in claim 57, comprising exposing the subject fluid to two separate 
streams of the dispersing fluid, and allowing the two separate streams to join and to 
completely circumferentially surround the subject fluid stream. 

15 

59. A method as in claim 57, wherein both fluids are contained within a microfluidic 
system. 

60. A method as in claim 70, wherein both fluids comprise liquids. 

20 

61. A method as in claim 70, wherein one fluid comprises a gas. 

62. A method comprising: 

focusing the flow of a subject fluid by exposing the subject fluid to two separate 
25 streams of a second fluid, and allowing the two separate streams to join and to completely 
circumferentially surround the subject fluid stream. 

63. A method comprising: 

passing a flow of a subject fluid and a dispersing fluid through a dimensionally- 
30 restricted section, having a mean cross-sectional dimension, that is dimensionally restricted 
relative to a channel that delivers either the subject fluid or the dispersing fluid to the 
dimensionally-restricted section, and creating a subject fluid stream or discontinuous portions 
of subject fluid stream having a mean cross-sectional dimension or mean diameter, 
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respectively, no smaller than 30% of the mean cross-sectional dimension of the 
dimensionally-restricted section. 

64. A method as in claim 63, comprising creating a subject fluid stream or discontinuous 
5 portions of subject fluid stream having a mean cross-sectional dimension or mean diameter, 

respectively, no smaller than 40% of the mean cross-sectional dimension of the 
dimensionally-restricted section 

65. A method as in claim 63, comprising creating a subject fluid stream or discontinuous 
10 portions of subject fluid stream having a mean cross-sectional dimension or mean diameter, 

respectively, no smaller than 50% of the mean cross-sectional dimension of the 
dimensionally-restricted section 

66. A method as in claim 63, comprising creating a subject fluid stream or discontinuous 
1 5 portions of subject fluid stream having a mean cross-sectional dimension or mean diameter, 

respectively, no smaller than 60% of the mean cross-sectional dimension of the 
dimensionally-restricted section 

67. A method as in claim 63, comprising creating a subject fluid stream or discontinuous 
20 portions of subject fluid stream having a mean cross-sectional dimension or mean diameter, 

respectively, no smaller than 70% of the mean cross-sectional dimension of the 
dimensionally-restricted section 

68. A method as in claim 63, comprising creating a subject fluid stream or discontinuous 
25 portions of subject fluid stream having a mean cross-sectional dimension or mean diameter, 

respectively, no smaller than 80% of the mean cross-sectional dimension of the 
dimensionally-restricted section 

69. A method as in claim 63, comprising creating a subject fluid stream or discontinuous 
30 portions of subject fluid stream having a mean cross-sectional dimension or mean diameter, 

respectively, no smaller than 90% of the mean cross-sectional dimension of the 
dimensionally-restricted section 
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70. A method as in claim 63, comprising creating a subject fluid stream or discontinuous 
portions of subject fluid stream having a mean cross-sectional dimension or mean diameter, 
respectively, no smaller than the mean cross-sectional dimension of the dimensionally- 
restricted section 

5 

71 . A system comprising: 

a microfluidic interconnected region; and 

a subject fluid microfluidic channel surrounded at least in part by the microfluidic 
interconnected region. 

10 

72. A system as in claim 71, wherein at least a portion defining the interconnected region 
and a portion defining the subject fluid channel are portions of a single integral unit. 



73. A system as in claim 71, wherein the interconnected region has an upstream portion 
15 and a downstream portion connected to an outlet, the subject fluid microfluidic channel 

having an outlet between the upstream portion and the outlet of the interconnected region. 

74. A system as in claim 71, wherein the interconnected region includes an upstream 
portion and a downstream portion connected to an outlet, and a dimensionally-restricted 

20 section between the upstream portion and the outlet. 

75. A system as in claim 74, wherein the subject fluid microfluidic channel has an outlet 
upstream of the dimensionally-restricted section. 



25 76. A system as in claim 75, wherein the subject fluid channel and the downstream 

portion of the interconnected region each have a central axis, wherein these axes are aligned. 

77. A system as in claim 71, wherein the subject fluid channel and the downstream 
portion of the interconnected region each have a central axis, wherein these axes are aligned. 

30 

78. A system as in claim 71, further comprising at least one intermediate fluid channel 
fluidly connecting to the interconnected region and subject fluid channels. 
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79. A system as in claim 78, wherein the intermediate fluid region has an outlet between 
the upstream portion and outlet of the interconnected region. 

80. A system as in claim 78, wherein the intermediate fluid channel has an outlet 
5 upstream of a dimensionally-restricted portion of the interconnected region. 

81 . A system as in claim 78, wherein the subject fluid channel is laterally separated from 
the interconnected region by at least one intermediate fluid channel. 

10 82. A system as in claim 80, wherein each of the subject fluid and intermediate fluid 
channels have outlets upstream of the dimensionally-restricted section. 

83. A system comprising: 

a microfluidic interconnected region having an upstream portion and a downstream 
1 5 portion connecting to an outlet; and 

a non-valved, dimensionally-restricted section upstream of the outlet. 

84. A flow focusing device comprising an interconnected region for carrying a focusing 
fluid, and a subject fluid channel for carrying a fluid to be focused by the focusing fluid 

20 surrounded at least in part by the interconnected region, wherein at least a portion defining an 
outer wall of the interconnected region and a portion defining an outer wall of the subject 
fluid channel are portions of a single integral unit. 

85. A flow focusing device comprising: 

25 a fluid channel for carrying a fluid to be focused by the device; and 

at least two, separate, focusing fluid channels for simultaneously delivering focusing 
fluid to and focusing the subject fluid. 

86. A method comprising: 

30 forming at least portions of both a subject fluid channel and a focusing fluid channel 

of a flow focusing device from a single material. 

87. A method comprising: 
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forming at least portions of both a subject fluid channel and a focusing fluid channel 
of a flow focusing device in a single molding step. 

88. A method comprising: 

urging discontinuous sections of a fluid, within a confined channel, against an 
obstruction and causing the obstruction to separate at least some of the discontinuous sections 
into further-dispersed sections. 

89. A method as in claim 88, further comprising collecting the further-dispersed sections 
as a product. 

90. A method as in claim 89, wherein the product is a consumer product. 

91. A method as in claim 88, wherein the confined channel is a microfluidic channel. 

92. A method as in claim 91, wherein the confined channel has a maximum cross- 
sectional dimension of less than one millimeter. 

93. A method as in claim 91, wherein the confined channel has a maximum cross- 
sectional dimension of less than 500 microns. 

94. A method as in claim 91, wherein the confined channel has a maximum cross- 
sectional dimension of less than 200 microns. 

95. A method as in claim 91, wherein the confined channel has a maximum cross- 
sectional dimension of less than 100 microns. 

96. A method as in claim 91, wherein the confined channel has a maximum cross- 
sectional dimension of less than 50 microns. 

97. A method as in claim 91, wherein the confined channel has a maximum cross- 
sectional dimension of less than 25 microns. 
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98. A method as in claim 88, wherein the obstruction is centrally located in the confined 
channel. 

99. A method as in claim 88, wherein the obstruction is offset from center in the confined 
5 channel. 

100. A method as in claim 88, comprising causing the discontinuous sections of fluid to 
flow in a channel containing a plurality of obstructions, and allowing it at least some of the 
discontinuous sections to be further dispersed at the obstructions. 

10 

101 . A method as in claim 100, comprising allowing at least one discontinuous section to 
be divided at a first obstruction to form at least two further dispersed sections, and allowing 
at least one of the further-dispersed sections to be further dispersed at a second obstruction. 

15 1 02. A method as in claim 88, comprising recovering, as a result of interaction between the 
discontinuous phase the obstruction, further-dispersed sections having an average maximum 
cross-sectional dimension of less than 500 microns. 

1 03. A method as in claim 88, comprising recovering, as a result of interaction between the 
20 discontinuous phase and the obstruction, further-dispersed sections having an average 

maximum cross-sectional dimension of less than 200 microns. 

104. A method as in claim 88, comprising recovering, as a result of interaction between the 
discontinuous phase the obstruction, further-dispersed sections having an average maximum 

25 cross-sectional dimension of less than 1 00 microns. 

1 05. A method as in claim 88, comprising recovering, as a result of interaction between the 
discontinuous phase the obstruction, further-dispersed sections having an average maximum 
cross-sectional dimension of less than 50 microns. 

30 

106. A method as in claim 88, comprising recovering, as a result of interaction between the 
discontinuous phase the obstruction, further-dispersed sections having an average maximum 
cross-sectional dimension of less than 20 microns. 
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107. A method as in claim 88, comprising recovering, as a result of interaction between the 
discontinuous phase the obstruction, further-dispersed sections having an average maximum 
cross-sectional dimension of less than 10 microns. 

5 1 08. A method comprising: 

flowing a dispersed phase and a dispersant, within a channel intersection; 
at the channel intersection, further dispersing the dispersed phase into at least two 
further-dispersed phases each having an average size, wherein the average sizes of the at 
least two further-dispersed phases are set by at least two different backpressures experienced 
1 0 by the dispersed phase at the channel intersection. 

109. A method as in claim 108, wherein the channel intersection is a T junction. 

110. A method comprising: 

15 separating at least one discontinuous section of a fluid into at least two further- 

dispersed sections by causing the discontinuous section to separate into the at least two 
further-dispersed sections in separate channels at a channel junction of a fluidic system, 
wherein the at least two further-dispersed sections are of different volume. 

20 111. A method as in claim 1 10, wherein the at least two further-dispersed sections include 
a larger section and a smaller section, the larger section being at least 10% larger in volume 
than the smaller section. 

112. A method as in claim 111, wherein the larger section is at least 20% larger than the 
25 smaller section by volume. 

1 13. A method as in claim 1 1 1, wherein the larger section is at least 30% larger than the 
smaller section by volume 

30 114. A method as in claim 111, wherein the larger section is at least 50% larger than the 
smaller section by volume. 

115. A method as in claim 111, wherein the larger section is at least 70% larger than the 
smaller section by volume. 
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116. A device comprising: 

a confined channel having an inlet connectable to a source of a first fluid and a second 
fluid incompatible with the first fluid, an outlet connectable to a reservoir for receiving a 
5 dispersed phase of the first fluid in the second fluid; and 

an obstruction within the confined channel between the inlet and the outlet. 
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